Bacteroides ovatus utilizes guar gum, a high-molecular-weight branched galactomannanan, as a sole source of carbohydrate. No extracellular activity was detectable. Approximately 30% of the total cell-associated mannanase activity partitioned with cell membranes. When inner and outer membranes of B. ovatus were separated on sucrose gradients, the mannanase activity was associated mainly with fractions containing outer membranes. Enzyme activity was solubilized by 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) or by Triton X-100 at a detergent-to-protein ratio of 1:1. The enzyme was stable for only 4 h at 37C and for 50 to 60 h at 4°C. Analysis of the products of the CHAPS-solubilized mannanase on Bio-Gel A-5M and Bio-Gel P-10 gel filtration columns indicated that the enzyme breaks guar gum into high-molecular-weight fragments. The CHAPS-solubilized mannanase was partially purified by chromatography on a FPLC Mono Q column. The partially purified mannanase preparation contained three major polypeptides (Mr 94,500, 61,000, and 43,000) and several minor ones. High mannanase activity was seen only when B. ovatus was grown on guar gum. Cross-absorbed antiserum detected two other guar gum-associated outer membrane proteins: a CHAPS-extractable 49,000-dalton polypeptide and a 120,000-dalton polypeptide that was not solubilized by CHAPS. Neither of these polypeptides was detectable in the partially purified mannanase preparation. These results indicate that there are at least two guar gum-associated outer membrane polypeptides other than the mannanase.
Bacteroides ovatus is a gram-negative obligate anaerobe which is normally found in the human colon and which has the ability to utilize a wide variety of complex plant polysaccharides (18, 19) . Polysaccharides in the diet of the host, unlike simple sugars, reach the large intestine and colon virtually intact. One such polysaccharide is the galactomannan guar gum. Guar gum has a backbone of (,1-4)-linked mannose residues with (al-6)-linked galactose branches at approximately every other mannose residue. However, the incidence of galactose branches can vary within the molecule from one for each mannose residue to one per several mannose residues. The molecular weight of guar gum ranges from 2.5 x 105 to 2 x 106 (2).
Utilization of guar gum generally requires one or more enzymes that cleave the mannan backbone (P-mannanase) and one or more enzymes that remove galactose residues (a-galactosidase). Two a-galactosidases from B. ovatus have been characterized previously (7) . Both are soluble, cellassociated enzymes. One of them, a-galactosidase I, is produced at high levels when B. ovatus is grown on guar gum. The other one, a-galactosidase II, is associated mainly with growth on melibiose, raffinose, and stachyose. When B. ovatus is grown on guar gum, a-galactosidase I and agalactosidase II account, respectively, for 90 and 10% of the total cellular a-galactosidase activity. Neither of these agalactosidases has any detectable activity against intact guar gum, but they can remove galactose residues once the intact molecule has been broken into smaller segments (7) . Thus, enzymatic cleavage of the mannan backbone is probably the first step in guar gum breakdown.
When B. ovatus was grown in medium containing guar gum as the sole source of carbohydrate, guar gum-degrading activity (mannanase) was readily detectable. Preliminary localization experiments indicated that the mannanase activ-* Corresponding author. ity was cell associated rather than extracellular and that activity was associated with both soluble and membrane fractions of disrupted bacteria. This raised the question of whether B. ovatus might produce two mannanases, one soluble and one membrane bound. In this report, we describe the localization, partial purification, and characteristics of the membrane-associated enzyme. The soluble mannanase is described in an accompanying paper (8) .
MATERIALS AND METHODS
Organisms and growth conditions. B. ovatus 0038-1 was obtained from the culture collection of the Anaerobe Laboratory, Virginia Polytechnic Institute and State University, Blacksburg. Bacteria were grown in defined medium similar to the basal medium described by Varel and Bryant (21) , except that 0.1 M potassium phosphate buffer (pH 7.0) was used in place of carbonate buffer. Filter-sterilized histidinehemin was added to the medium after autoclaving as a substitute for hemin (12) . The atmosphere was 80% N2-20% CO2. Guar gum, mannose, galactose, and glucose were used as sources of carbohydrate. The final concentration was 0.5%. Guar gum (lots G-20 B32 FG 70-70 and DK 88-4360 FG 30-70) was obtained from Hercules Corp., Wilmington, Del. The guar gum solution used in assays or for medium was prepared by adding 7.5 g to 1 liter of 0.1 M potassium phosphate buffer with gentle stirring. The mixture was heated to 80°C, allowed to cool to room temperature, and centrifuged at 10,000 x g for 20 min at 25°C. The supernatant solution (soluble guar gum) replaced the 0.1 M potassium phosphate buffer in the preparation of the medium. All other carbohydrates were obtained from Sigma Chemical Co., St. Louis, Mo. Enzyme assays. Mannanase activity was measured by monitoring the increase in reducing-sugar concentration when 0.5 ml of appropriately diluted enzyme was added to 2032 GHERARDINI AND SALYERS 1.5 ml of soluble guar gum in 0.1 M potassium phosphate buffer (pH 6.5) and incubated at 37°C. The final concentration of guar gum in the incubation mixture was 5 to 6 mg/ml. Starting at time zero and at 10-to 15-min intervals, duplicate 0.25-ml samples were removed from the reaction mixture and boiled for 5 min to stop the reaction. The concentration of reducing sugar was measured by the method of Dygert et al. (4) , with mannose as the standard. Under these conditions, the reducing-sugar concentration increased linearly with time for at least 40 min. One unit of enzyme activity was defined as 1 ,ug of reducing sugar (as mannose) liberated per min in 0.1 M potassium phosphate (pH 6.5) at 37°C. The pH optimum was not affected by detergents. In preparations that contain ot-galactosidase as well as mannanase, oc-galactosidase can contribute to the increase in reducing-sugar concentration. In fact, B. ovatus a-galactosidase can attack some low-viscosity guar gum preparations, especially after they have been autoclaved. To minimize the contribution of a-galactosidase in cell fractions that contained both enzymes, we used a high-viscosity guar gum preparation (FG70-70) which was not autoclaved. The B. ovatus ao-galactosidase could not remove galactose from high-viscosity guar gum, presumably because of its high molecular weight. Mannanase activity, however, was not affected by the viscosity or molecular weight of the guar gum preparation.
(x-Galactosidase activity was measured as previously described, by using p-nitrophenyl-ot-D-galactoside as the substrate (7). Succinate dehydrogenase activity was assayed by the method of Kasahara and Anraku (10) . Malate dehydrogenase was measured by the method described in the Boehringer Mannheim technical booklet Biochemica Information I (Boehringer Mannheim Biochemicals, Indianapolis, Ind.).
Localization of enzyme activities. B. ovatus, grown in 3 liters of guar gum medium, was fractionated into soluble protein, inner, and outer membranes as described by Kotarski and Salyers (12) . All subcellular fractions were assayed for mannanase, a-galactosidase, malate dehydrogenase (soluble protein marker), and succinate hydrogenase activity (inner membrane marker). Bacteroides lipopolysaccharide does not contain ketodeoxyoctanoic acid or heptose. Accordingly, lipopolysaccharide concentrations in membrane fractions (outer membrane marker) were estimated by measuring the concentrations of 3-hydroxypentadecanoate and 3-hydroxyhexadecanoate; as described by Kotarski and Salyers (12) . Outer membranes were also obtained from B. ovatus grown on galactose or mannose.
Solubilization of outer membrane enzyme activity. Outer membranes that were used for solubilization experiments and for partial purification of the outer membrane enzyme activity were isolated by the procedure of Kotarski and Salyers (12) , except that the final gradient purification step was omitted. The membranes that entered the 57% sucrose pad were collected, pooled, and diluted with 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) buffer (pH 7.4) to a final sucrose concentration of <10%. The outer membranes were collected by centrifugation at 200,000 x g for 2.5 h at 4°C. The membrane pellet was suspended in 10 mM HEPES buffer (pH 7.4) and recentrifuged. The membrane pellet was then suspended in 0.15 M KCl in 0.1 M potassium phosphate buffer (pH 7.0) by using a 2-ml tissue homogenizer. No sucrose was detectable by the phenol sulfuric assay (3) when resuspended membranes were chromatographed on a Bio-Gel A-SM column (Bio-Rad Laboratories, Richmond, Calif.).
Mannanase activity in outer membranes, prepared as previously described, was solubilized by using either Triton X-100 or 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS). The protein concentration in the outer membrane preparation was measured by the method of Whitaker and Granum (22 (ii) Mono Q ion-exchange chromatography. The solubilized outer membrane fraction was applied to a FPLC Mono Q column (0.1 by 3.0 cm) (Pharmacia, Uppsala, Sweden), which had been equilibrated with 0.02 M potassium phosphate buffer (pH 8.2)-1% CHAPS. Under these conditions, all of the enzyme activity remained on the column. The column was eluted with a 0 to 0.3 M NaCl linear gradient at a flow rate of 1 ml/min, and 1-ml fractions were collected. Fractions were assayed for enzyme activity, protein, and NaCl concentration. Enzyme activity was pooled and concentrated to 0.5 ml with an Amicon Centriflo-10 concentrator (Amicon Corp., Lexington, Mass.) and stored frozen in 30% glycerol at -20°C.
Analysis of products of enzymatic degradation. Outer membranes of CHAPS-solubilized outer membrane proteins (0.2 ml; 2 to 3 U) were added to 4.8 ml of soluble guar gum in 0.02 M potassium phosphate buffer (pH 6.5) and incubated at 37°C for 4 h. The final concentration of guar gum was 10 mg/ml. The final protein concentration was 0.5 mg/ml. Samples (1.75 ml) were removed at various times from each reaction mixture (0, 2, and 4 h) and boiled for 5 min. In one experiment, fresh enzyme (2 to 3 U) was added to the mixture and the incubation was continued for 16 h.
Portions (0.75 ml) of the incubation mixture were analyzed by gel filtration chromatography on either a Bio-Gel A-SM or a Bio-Gel P-10 column (1.5 by 50 cm) and eluted with 1 M NaCl, and 1.5-ml fractions were collected. Fractions were analyzed for carbohydrate by the method of Dubois et al. (3) . Low-molecular-weight fragments were analyzed by descending paper chromatography on Whatman no. 1 paper [11] ).
e Fraction containing a mixture of outer and inner membranes. f Fraction V of Kotarski and Salyers (11) .
(Whatman, Inc., Clifton, N.J.). Chromatograms were developed for 16 h in ethyl acetate-acetic acid-water (3:1:1, vol/vol/vol), and the carbohydrates were visualized by spraying the chromatogram with p-anisidine and phthalic acid, which were dissolved in absolute ethanol, and heated to 100°C for 5 min (20) . Preparation of cross-absorbed antiserum. A New Zealand White rabbit was injected with 2 ml of a suspension of outer membrane (1 mg of protein) diluted and mixed with Freund complete adjuvant. The outer membranes were isolated from B. ovatus which had been grown on guar gum. Injections were administered intradermally at multiple sites on a monthly basis, and blood samples were taken weekly after each booster. The immunoglobulin G (IgG) fraction of the antisera was isolated as described by Lopatin and Voss (13) . IgG was dialyzed against 20 mM potassium phosphate buffer (pH 7.0) and stored at -20°C.
The IgG preparation was cross-absorbed by using outer membranes from B. ovatus grown on galactose. Outer membranes (10 mg of protein) were added to the IgG preparation, and the mixture was incubated at 37°C, with constant shaking, for 1 h. Membrane-antibody complexes were removed from the mixture by centrifugation (15 min at 5,000 x g and 25°C). This process was repeated until no more membrane-antibody complexes precipitated from solution. Unreacted membranes were removed by centrifugation (200,000 x g for 1 h at 4°C), and the antibody preparation was stored at -20°C. The IgG preparation was used for Western blot analysis, and antibody-antigen complexes were visualized by using the biotin-strepavidin immunodetection system described in the immunodetection application guide of Bethesda Research Laboratories, Inc., Gaithersburg, Md.
Electrophoresis. Proteins were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis as described by Kotarski and Salyers (12) . Proteins were visualized by staining with Coomassie brilliant blue R-250 or by the silver-staining method of Morrissey (17) . The molecular weights of the protein standards were 205,000, 97,000, 67,000, 45,000, 29,000, 25,700, and 14,400. For Western blots, proteins were transferred from the SDS-polyacrylamide gel to nitrocellulose as described by Erickson et al. (6) . The nitrocellulose blots were blocked prior to detection by the biotin-streptavidin detection procedure by using bovine lacto-transfer technique optimizer (9) .
Protein determinations. In most experiments, the protein concentration was measured by the method of Markwell et al. (14) . For steps in enzyme purification, protein concentrations were measured by the method of Whitaker and Granum (22) . RESULTS Cellular location of mannanase activity. No mannanase activity was detected in the extracellular fluid, but activity was easily detectable in disrupted bacteria. Nearly half (40 to 45%) of the total cell-associated mannanase activity partitioned with the membrane fraction, and at least 30% of total cell-associated activity remained with the membranes after repeated 0.5 M NaCl washes. When we fractionated outer and inner membranes from disrupted cells, 84% of the membrane-associated mannanase activity partitioned either with the outer membrane fractions or with the hybrid fraction, which contained outer membrane-inner membrane aggregates ( Table 1 ). The same fractions contained 95% of the outer membrane marker, lipopolysaccharide-associated 3-hydroxy fatty acids (3-OH C15 and 3-OH C16). By contrast, succinate dehydrogenase activity (an inner membrane marker) fractionated primarily with the inner membranes and hybrid fractions. Less than 1% of cellular malate dehydrogenase activity (a soluble enzyme) was found in the membrane fractions. Thus the membrane mannanase activity was associated mainly with fractions containing outer membranes.
Solubilization of mannanase activity from outer membranes of B. ovatus. Mannanase activity could not be removed from the outer membranes with a 0.5 M NaCl salt wash but could be solubilized with CHAPS or Triton X-100. Neither of these detergents inhibited mannanase activity or gave a high background in the mannanase assay. Results of a typical CHAPS solubilization experiment are shown in Fig. 1 . At a detergent/protein ratio between 1:1 and 2:1, 70 to 80% of the mannanase activity was released from the pelleted membrane fraction. KCl-potassium phosphate buffer alone was not capable of removing the membrane activity, and CHAPS alone or CHAPS plus HEPES buffer also gave poor solubilization. Thus, a combination of CHAPS, KCl, and potassium phosphate buffer and a detergent/protein ratio of 1:1 or higher was necessary to achieve the best results. Mannanase activity could also be solubilized with Triton X-100. A 90% solubilization was achieved at a detergent/protein ratio of instability of the enzyme. However, by using a Pharmacia FPLC system, which greatly reduced the fractionation time, it was possible to achieve partial purification of the mannanase activity. When the FPLC Mono Q column was equilibrated with 20 mM potassium phosphate buffer (pH 7.4), the mannanase activity passed through the column. When the column was equilibrated at pH 8.2 in the same buffer system, the enzyme activity remained on the column but eluted at a NaCl concentration of 0.15 M (Fig. 3) . To confirm that the activity recovered from the FPLC Mono Q column was really mannanase activity, a portion of the pooled FPLC fractions was incubated with guar gum, and Extraction with CHAPS solubilized a number of outer membrane proteins (Fig. 4) . Approximately half of the lipopolysaccharide was also extracted by CHAPS. When 1.25:1. Although Triton X-100 extraction was somewhat more efficient, the CHAPS extraction had to be used in the enzyme purification procedure because CHAPS gave the best resolution on the ion-exchange column.
Characteristics of solubilized mannanase activity. Outer membrane mannanase activity was very unstable. For both the outer membrane fraction and the CHAPS-or Triton X-100-solubilized preparations, 75% of the mannanase activity was lost after 4 h at 37°C. At room temperature, 60% of the activity was lost after 6 h. At 4°C, virtually all enzyme activity was lost between 48 and 60 h. Enzyme activity was not stabilized by the addition of 10 mg bovine serum albumin per ml, addition of 1 mM phenylmethylsulfonyl fluoride, or freezing in 30%o glycerol. Reducing agents such as dithiothreitol were avoided owing to interference with the enzyme assay. The enzyme could be stored by freezing in 30o glycerol at -20°C. Under these conditions, there was no apparent loss of enzyme activity for up to 6 weeks. Activity was lost completely after three repetitions of the freeze-thaw in 30%o glycerol. Therefore, outer membrane preparations were divided into aliquots and frozen in 30%o glycerol at -200C until needed for solubilization, product analysis, and enzyme purification.
When outer membrane fraction 1, the purer of the two outer membrane fractions, was incubated with guar gum, the high-molecular-weight guar gum was degraded into large fragments. Within 4 h, most of the high-molecular-weight carbohydrate had shifted from the void volume into or near the fully included volume of the Bio-Gel A-5M column ( Fig.  2A) . At earlier time points, less carbohydrate was seen in the fully included volume, indicating that breakdown was not complete. To determine whether the fragments produced by the enzyme included short oligomers and monosaccharides, the 4-h sample was further analyzed by gel filtration chromatography on a Bio-Gel P-10 column (Fig. 2B) and by descending paper chromatography. Most of the carbohydrate fractionated in or near the void volume of the P-10 column. Consistent with this, no monosaccharides or lowmolecular-weight oligomers were detected by descending paper chromatography. Results of a similar analysis of the enzyme-guar gum mixture after addition of more enzyme and further incubation for 16 to 18 h indicated that no further breakdown of the guar gum occurred at longer incubation times.
Enzyme purification. Initial attempts to purify the mannanase from solubilized outer membranes by using conventional column chromatography proved futile owing to the mannanase-containing fractions from the FPLC column were pooled and analyzed by SDS-polyacrylamide gel elec- trophoresis three major polypeptides were seen (Fig. 4) . Several lighter polypeptide bands were also visible. By comparing different enzyme preparations from the FPLC column (data not shown), we found that only two of these polypeptides (Mr 94,500 and 43,000) were common to all fractions which contained enzyme activity. Further purification steps including chromatofocusing, phenyl Sepharose, and gel filtration (Superose 12 FPLC column) were unsuccessful, either because no further purification was obtained or because enzyme activity could not be recovered from the column.
Guar gum-associated outer membrane proteins. Mannanase activity is easily detectable when B. ovatus is grown on guar gum but not when B. ovatus is grown on galactose or mannose. Thus, if any of the polypeptides in the pooled FPLC fractions is the mannanase, it should be more prominent in outer membranes from B. ovatus grown on guar gum than in outer membranes from B. ovatus grown on galactose or mannose. When the three outer membrane preparations were compared on Coomassie-stained gels, no differences in polypeptide profile were apparent (not shown). Silver staining revealed many minor polypeptides that were not visible on the Coomassie-stained gels, and two polypeptides which had molecular weights of approximately 43,000 and 94,500 appeared to be more prominent in the outer membranes from B. ovatus grown on guar gum (Fig. 5A) . However, owing to the complexity of the polypeptide 1profile, it was difficult to be sure that these polypeptides were in fact specific for guar gum. Also, these differences were not seen consistently in different membrane preparations.
Another approach to detecting guar gum-specific outer membrane proteins is to obtain antiserum to outer membranes from B. ovatus grown on guar gum and cross-absorb it with outer membranes from B. ovatus grown on galactose or mannose. Cross-absorbed antiserum detected two guar gum-specific polypeptides which had molecular weights of 120,000 and 49,000 (Fig. SB) . A 60,000-dalton polypeptide which appears to be guar gum specific in Fig. SB (Fig. 5B,  lane 5 ).
DISCUSSION
The membrane-associated B. ovatus mannanase appears to be an outer membrane enzyme because it partitioned similarly to lipopolysaccharide in a fractionation procedure that separates outer membranes from inner membranes. The inner membrane fraction contained a higher proportion (16%) of the membrane-associated mannanase activity than expected from contamination with outer membranes (about 5% according to the lipopolysaccharide data; Table 1) . However, the level of mannanase activity in the inner membrane fraction may not accurately reflect the amount of enzyme actually present because the inner membrane fraction also contained an appreciable amount of a-galactosidase activity. Also, some of the mannanase activity in the inner membrane fraction could have been due to contamination with the soluble mannanase (8) . The detergents that solubilized the membrane mannanase (CHAPS and Triton X-100) did not solubilize the major B. ovatus outer membrane proteins. Thus, although the mannanase is probably an integral membrane protein, it may not be as tightly attached to the membrane as the major outer membrane proteins. Further work is needed to ascertain whether the mannanase is exposed on the cell surface.
Previously, Balascio et al. (1) reported that B. ovatus produced an extracellular mannanase. We did not detect any extracellular mannanase activity. Balascio et al. (1) did not report the pH optimum of the extracellular activity, nor did they attempt to characterize it or determine whether the extracellular fluid contained outer membranes. They did note, however, that the activity was unstable and that the products of its action on guar gum were probably large fragments because the viscosity of guar gum was reduced significantly without causing a large increase in reducingsugar concentration. These properties are similar to those of the membrane mannanase described here, and it is possible that the enzyme they detected in the extracellular fluid was the enzyme we have characterized here. Balascio et al. (1) harvested their cells after 96 h of growth. We found that growth of B. ovatus on guar gum is nearly as rapid as growth on galactose or mannose, i.e., maximum turbidity is reached in about 16 to 18 h. Thus, the growth conditions used by Balascio et al. could have resulted in cell lysis or loss of outer membrane components.
Cross-absorbed antiserum detected two outer membrane polypeptides (Mr 120,000 and 49,000) that are regulated similarly to the mannanase. One of these (Mr 49,000) was partially solubilized by CHAPS, but the antiserum did not detect it in the partially purified mannanase preparation. Thus it is probably not the mannanase. Outer membrane polypeptides that are induced during growth on a polysaccharide but are not degradative enzymes have also been found in Bacteroides thetaiotaomicron, a closely related species (11, 12) . In this case, the degradative enzymes, which are soluble and cell associated, could be periplasmic. It has been suggested that the inducible outer membrane polypeptides may act to facilitate the passage of the polysaccharide through the outer membrane (11) . For guar gum breakdown by B. ovatus, when there is a degradative enzyme in the outer membrane, it is possible that other polypeptides are needed to form a complex that cleaves the polysaccharide and brings the products through the outer membrane. Further work is needed to determine whether the 120,000-and 49,000-dalton proteins form a complex with the mannanase.
With the exception of an inner membrane polygalacturonase, all of the Bacteroides polysaccharidases previously studied have been soluble, cell-associated enzymes (15, 18) . The mannanase from B. ovatus is the first example of a Bacteroides polysaccharidase that is located in the outer membrane. Its location is also unique compared with those of mannanases from other organisms. The only other bacterial mannanase which has been extensively studied was isolated from Bacillus subtilis (5). This enzyme, unlike the B. ovatus enzyme, is extracellular, stable, and constitutive. Mannanases from fungi are also generally extracellular enzymes (16) . Two types of mannanase have been found previously (16) . Both types hydrolyze the mannose backbone at random (endo-type cleavage), but one type acts where there are long stretches of mannose residue with no galactose side chains, whereas the second type can cleave the mannose backbone close to a galactose branch. The first type generally produces large fragments, and the second type generally produces small fragments. The membrane mannanase from B. ovatus resembles the first type of mannanase.
